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esponsibility of ChinAbstract Ti–Cu–Zr–Fe–Nb ultraﬁne structure-dendrite composites were designed by inducing Nb and more
Ti to a Ti–Cu–Zr–Fe glass-forming alloy composition and prepared by copper mold casting. The composite
alloys consist of β-Ti dendrites and ultraﬁne-structured CuTi2 and CuTi phases as well as a trace amount of
glassy phase. The volume fraction of β-Ti dendrites increases with the increase in content of Nb which acted as
the β-Ti phase stabilizer in the alloys. The composites exhibit high compressive yield strength exceeding
1200 MPa, maximum strength around 1800 MPa and low Young's modulus around 48 GPa. The plasticity of
the alloys is strongly inﬂuenced by the volume fraction and morphology of the dendritic β-Ti phase, and the
compressive plastic strain was enlarged from 5.9% for the 4 at% Nb alloy to 9.2% for the 8 at% Nb alloy. The
preliminary cell culture experiment indicated good biocompatibility of the composite alloys free from highly
toxic elements Ni and Be. These Ti-based composite alloys are promising to have potential structural and
biomedical applications due to the combination of good mechanical properties and biocompatibility.
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Ti-based bulk metallic glasses (BMGs) are promising structural
and functional materials for their high speciﬁc strength, low
Young's modulus, and high corrosion resistance. However, Ti-
based BMGs usually have relatively lower glass-forming ability
and the localized shear deformation leads to catastrophic failure
without yielding and work hardening signiﬁcantly restricts their
applications [1–7]. Strategies of introducing heterogeneities of
different scales into the microstructure have been developed to
largely improve the mechanical properties, especially the ductilityg by Elsevier B.V. All rights reserved.
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dendritic β-Ti phase reinforced nano/ultraﬁne structured compo-
sites are very promising for designing new structural materials for
applications [12–22]. Generally, dendritic phase reinforced Ti-
based nano/ultraﬁne composite alloys are mainly composed of a
refractory metals (Ta, Nb, and Mo, etc.) and a combination of
elements with an easy glass-forming composition. The refractory
metals promote the precipitation of bcc β-Ti solid solution at the
early stage of solidiﬁcation with dendritic morphology, which can
signiﬁcantly toughen the alloys. The remained liquid then trans-
forms into a nano/ultraﬁne structure as well as amorphous phase
during the subsequent solidiﬁcation [13,15]. The notable examples
are the Ti–Cu–Ni–Sn–Ta [13,14], Ti–Nb–Ni–Cu–Sn [16–19],
Ti–Cu–Ni–Sn–Mo [18], Ti–Nb–Cu–Ni–Al [20], Ti–Zr–Cu–Ni–
Ta [21,22] alloys, etc., which possess high yield strength and large
plastic strain. For instance, Ti60Cu14Ni12Sn4Nb10 (at%) composite
alloy exhibits a high compressive yield strength of 1052 MPa with a
plastic strain of 21.34% [18]. The good mechanical properties make
the composite alloys potential candidates for engineering applications.
However, the existence of highly toxic elements Ni and Be in the
alloys is unfavorable for their applications as biomaterials.
In the present study, Ti-based Ti–Cu–Zr–Fe–Nb composite
alloys free from Ni and Be have been fabricated by copper mold
casting. The compositions of these alloys were derived from
Ti46.25Cu46.25Zr5Fe2.5 (at%) bulk metallic glass [23] combining the
consideration of the addition of Nb and the increase in Ti content.
The Ti–Cu–Zr–Fe–Nb composite alloys exhibited high compres-
sive yield strength up to 1255 MPa, distinct plasticity of 5.9–9.2%,
low Young's modulus of around 48 GPa and good biocompat-
ibility revealed by cell culture experiments. The good mechanical
properties and biocompatibility of these Ni and Be-free alloys are
advantageous for potential biomedical applications. The effects of
the element Nb on the microstructure and mechanical properties of
the composites are also discussed.2. Experimental
Ti46.25Cu46.25Zr5Fe2.5 (at%) was selected as the base alloy and
binary Ti80Nb20 (at%) was added to form the alloys (Ti0.4625
Cu0.4625Zr0.05Fe0.025)100x(Ti0.8Nb0.2)x (x¼20, 30 and 40 at%).
The composite alloys with x¼20, 30 and 40 at% are denoted as
alloys A, B and C, respectively, and their nominal compositions
are shown in Table 1. The Ti46.25Cu46.25Zr5Fe2.5 and Ti80Nb20
alloys were ﬁrst prepared separately by arc-melting the mixture of
pure elements with purities above 99.9 mass% under a Ti-gettered
argon atmosphere. Then the mixtures of these two parts were re-
melted by arc-melting under the argon atmosphere. To ensure the
compositional homogeneity, all the ingots were melted at least
four times. From the master alloy ingots, rod samples with a
diameter of 3 mm were prepared by injection casting into a copper
mold under an argon atmosphere.Table 1 Compositions of the (Ti0.4625Cu0.4625Zr0.05Fe0.025)100x
(Ti0.8Nb0.2)x alloys (at%).
Alloy x Ti Cu Zr Fe Nb
A 20 53 37 4 2 4
B 30 56.375 32.375 3.5 1.75 6
C 40 59.75 27.75 3 1.5 8The microstructure of the as-cast rod samples were examined by
a Bruker AXS D8 X-ray diffraction (XRD) facility with Cu-Kα
radiation, a JXA-8100 electron probe microanalyzer equipped with
an energy dispersive X-ray detector (EDX) and a JEOL 2000 FX
Transmission electron microscopy (TEM) with 200 kV accelerat-
ing voltage. The volume fraction of the dendritic β-Ti solid
solution of the composite alloys was measured by Image-pro Plus
(IPP). Thermal behavior of the alloys was characterized by
employing the Netzsch Thermal Analysis DSC 404.
The compressive properties of the as-cast rods with a diameter
of 3 mm were investigated with SANS testing machine at a strain
rate of 2.0 104 s1. Length to diameter ratio of the compres-
sion specimens was 2:1. Fracture surface of the samples after the
compression tests were observed by CS3400 scanning electron
microscope (SEM).
For cellular behavior studies, the alloy rods were placed
separately into a 24-well tissue culture plate, after been sterilized
by exposure to UV light for 2 h and a 1 ml cell suspension
consisting of 2 104 cells was then seeded onto each surface ofFig. 1 SEM backscattered electron images of as-cast cylinders for (a)
alloy A, (b) alloy B and (c) alloy C with a diameter of 3 mm.
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samples were fetched out and washed three times with phosphate
buffer solution (PBS). After being ﬁxed in 2.5% glutaraldehyde in
PBS for 1 h, the cells were dehydrated in a gradient ethanol/
distilled water mixtures (30%, 50%, 70%, 90% and 100%) for
10 min, respectively, further dehydrated by hexamethyldisilazane
and dried naturally. The surface of cell adhered experimental
samples was observed by SEM.Fig. 2 XRD patterns of the as-cast rod samples of alloy A, alloy B
and alloy C with a diameter of 3 mm.
Table 2 Chemical composition of different phases in alloy B
with a diameter of 3 mm according to EDX analysis (at%).
Phase Ti Cu Nb Zr Fe
Gray 68.71 13.13 16.45 0.22 1.49
Black 60.63 32.23 3.68 2.47 0.98
White 46.40 39.66 4.71 8.16 1.07
Nominal 56.375 32.375 6 3.5 1.75
Fig. 3 (a) Bright ﬁeld TEM image and the SAED pattern (inset) of the d
from the region I in (a).3. Results and discussion
The SEM backscattered electron images of the as-cast Ti-Cu-Zr-Fe-Nb
alloy rods with a diameter of 3 mm are shown in Fig. 1. On the
micrometer scale, at least three phases, i.e. gray dendritic phase, and
eutectic black phase and white phase, can be seen from the images
according to the different contrasts. The volume fraction of the
dendrites in alloys A, B and C measured by Image-pro Plus (IPP)
was 24.56%, 33.27% and 42.31%, respectively, indicating that the
dendritic phases increased with the increase in Nb content. For different
alloys, the dendritic phases also exhibit different sizes and morphol-
ogies. For alloy A, dot-like gray phases (or circle regions) of 3–6 mm in
size disperse in the eutectic matrix and branches of dendrites are hardly
observed. The size of the dendrites in alloys B and C is about 10 mm,
larger than that in alloy A. Developed branches can be observed in
alloy B. For alloy C, the dendrites are less developed than alloy B,
which could be caused by the simultaneous precipitation of too many
dendrites due to the high content of Nb thus limiting the development
of the branches. The XRD patterns of Ti-Cu-Zr-Fe-Nb alloys in Fig. 2
indicate the presence of bcc β-Ti, tetragonal CuTi2 and tetragonal CuTi
phases. The alloys were further investigated by EDX analysis, which
revealed almost the same results on the compositions of the crystalline
phases for the different alloys. As an example, EDX analysis results of
alloy B are listed in Table 2. It is indicated that, in comparison to the
nominal alloy composition, the gray phase is enriched in Ti and Nb
with the atom ratio of Ti to Nb close to 4:1, while the black phase and
white phase are enriched in Cu. Accordingly, the gray phase can be
determined to be bcc β-Ti solid solution and the black and white
phases are eutectic CuTi2 and CuTi.
The microstructure of alloy B was further characterized by
TEM and HRTEM. Dendrites are seen in bright-ﬁeld TEM image
(Fig. 3(a)), and the correspnding selected-area diffraction pattern
taken along the [1,–1,–1] zone axis of one of the dendrites
indicates that the dendritic phase is bcc β-Ti(Nb). Fig. 3(b)
presents the HRTEM image taken from the area marked by the
white circle in Fig. 3(a). It can be found that amorphous phase
exists among the dendrites. However, the DSC curve exhibits
neither glass transition nor endothermic peak corresponding to
crystallization, suggesting that the amorphous phase is in trace
amount.
The results on the microstructure of the Ti–Cu–Zr–Fe–Nb
alloys mentioned above indicated that ultraﬁne structure-dendrite
composites can be formed by inducing high contents of Ti and Nbendrites for the alloy B with a diameter of 3 mm. (b) HRTEM image
G. Wang et al.560to the Ti–Cu–Zr–Fe glass-forming alloy. The alloys B and C with
higher contents of Ti and Nb consisted of more dendritic phases,
while the highest Cu content in alloy A leads to the formation of
more eutectic CuTi2 and CuTi intermetallics. It is suggested that
the refractory element Nb promotes the formation of the dendritic
β-Ti phases in the early stage of solidiﬁcation, then the residualFig. 4 Compressive stress–strain curves of Ti-Zr-Cu-Fe-Nb composite
alloys with a diameter of 3 mm.
Table 3 Young's modulus E, yield stress sy, strain at the
yield point εy, ultimate compression stress smax and plastic
strain εp of the Ti–Zr–Cu–Fe–Nb alloys under compression.
Alloy E (GPa) sy (MPa) εy (%) smax (MPa) εp (%)
A 50 1232 2.5 1771 5.9
B 48 1255 2.6 1825 7.4
C 46 1176 2.6 1810 9.2
Fig. 5 (a)–(c) SEM secondary electron images and (d) back scattered electronmelt becomes enriched in Cu and ﬁnally solidiﬁes into an ultraﬁne
eutectic CuTi2 and CuTi phases.
Compression stress–strain curves of the Ti–Cu–Zr–Fe–Nb
composite alloys with a diameter of 3 mm are presented in
Fig. 4. All the alloys exhibit elastic and subsequent plastic
deformation with strain hardening prior to ﬁnal fracture. The
mechanical properties are summarized in Table 3. It is seen that
the yield strength and maximum strength of alloy B is slightly
higher than those of alloys A and C. It is notable that alloys B and
C with higher content of Nb exhibit signiﬁcantly improved plastic
strain of about 7.4% and 9.2%, respectively, in comparison to
alloy A. As indicated by the microstructure, there was a smaller
volume fraction of ductile β-Ti dendrites but more CuTi2 and CuTi
in alloy A, and the dendrites have no developed branches, which
aggravated the low plasticity of alloy A. For alloy B, the volume
fraction of the dendrites was not the largest, but their branches
were well developed and connected to each other which may
effectively prevent crack expansion, leading to the signiﬁcantly
improved plasticity. As to alloy C, although the branches of the
dendrites were less developed, the volume fraction of the dendrites
was the largest and the dendrites could also be connected to each
other so that resulted in the distinct plasticity. The Young's
modulus of the Ti–Cu–Zr–Fe–Nb composite alloys is in the range
of 46–50 GPa, which is far lower than those of Ti-based BMGs
[24,25] and most crystalline Ti-based alloys [26,27]. The results
indicate that the β-Ti dendrites toughen the alloys and the
mechanical properties are remarkably inﬂuenced by the volume
fraction and morphology of the β-Ti phase.
To further understand the deformation and fracture mechanisms
of the composites under compression, SEM investigations on the
failed samples are performed. The fracture surface of alloys A, B
and C were similar at their appearance and morphology. The SEM
images of the fracture surface for alloy B are shown in Fig. 5.
From the SEM second electron images in Fig. 5(a) and (b),
characteristic ﬂoccule-like irregular fracture features can be seenimages of the fracture surface for as-cast alloy B with a diameter of 3 mm.
Fig. 6 The morphology of ECs cultured on the alloy B samples for 3 days.
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is also observable on the fracture surface as marked by the arrows.
In Fig. 5(c), fracture-induced softening, viscous shear ﬂow traces
and re-melting can also be observed, which may occur at the last
stage of compressive deformation and release the stored high
energy before fracture [13]. SEM back scattered electron image in
Fig. 5(d) taken from the fracture surface reveals obvious vestiges
of dendrites and direction of the cracks was changed by the
dendrites. This demonstrates that the dendrites act as obstacles of
the crack expansion thus preventing cleavage fracture, correspond-
ing to the good plasticity of the composite alloy.
To preliminarily evaluate the potential of the composite alloys
as biomaterials, cell culture experiments of alloy B were carried
out. Fig. 6 presents the SEM images of cellular morphology of
ECs on the surface of alloy B. It is seen from Fig. 6(a) that the
cells are closely adhering to the alloy surface with an elongated
morphology correlated to the good vitality of cells. Moreover, a
certain amount of ﬁlopodia (marked by the arrows in Fig. 6(b)
with larger magniﬁcation) which are important in cell migration
can be observed. This observation suggests that the alloy surface
can support cellular attachment and spreading, which are sig-
niﬁcant for further cellular functions, like proliferation and
differentiation. These results primarily conﬁrm the good biocom-
patibility of the composites developed in the present work.4. Conclusions
Ti-based Ti–Zr–Cu–Fe–Nb composite alloys consisted of β-Ti
dendrites and ultraﬁne CuTi2 and CuTi phases as well as a trace
amount of glassy phase have been synthesized by copper mold
casting. The volume fraction of β-Ti dendrites increases with the
increase in Nb and Ti content in the composite alloys. The alloys
possess high yield strength up to 1255 MPa, fracture strength
reaching 1825 MPa, low Young's modulus around 48 GPa and
distinct plasticity up to 9.2% under compression. The existence of
the dendrites caused by introducing high contents of Nb as well as
Ti to the alloys contributes to the good plasticity. Cell culture
experiment preliminarily revealed good biocompatibility of the alloys,
which makes these new Ti-based composite alloys with good
mechanical properties promising candidates as potential biomedical
materials.
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